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ABSTRACT 
Corona-stabilised plasma closing switches, filled with electronegative gases such as SF6 
and air, have been used in pulsed-power applications as repetitive switching devices for 
the last 10 years. Their high repetition-rate capabilities coupled with their relatively 
simple design and construction have made them suitable alternatives to thyratrons and 
semi-conductor switches. As well as having repetitive switching capabilities, corona-
stabilised plasma closing switches have the potential to operate at elevated voltages 
through the incorporation of multiple electrode sets. This allows high-voltage operation 
with inherent voltage grading between the electrodes. A further feature of such 
switches is that they can have relatively low jitter under triggered condition. This 
paper reports on some of the operational features of a new design of corona-stabilised, 
cascade switch that utilises air as the insulating gas. At pressures between 0 and 1 
bar gauge the switch has be shown to operate over the voltage range of 40 to 100 kV 
with a jitter below 2 ns.   
   Index Terms  — Pulse power system switches, corona, delay effects, timing jitter, 
jitter, high voltage techniques, pulse generation, plasma devices, gas discharge devices, 
pulse compression circuits, pulse power systems, pulse shaping circuits, dielectric 
breakdown. 
 
1   INTRODUCTION 
 SPARK-GAP switches are widely employed in pulsed-power 
systems because of their simplicity of design, robustness, wide 
voltage and current ranges, high dV/dt, and low jitter [1].  
However, the repetitive performance of conventional spark-gap 
switches that utilise uniform or quasi-uniform electric-field 
geometries is limited to pulse repetition frequencies (PRF) of 
several hundred Hz due to the slow voltage recovery rate of the 
insulating gas [2].  In uniform electric field conditions voltage 
recovery can take up to several ms [2].  Under dc charged 
conditions, the first untriggered closure of the switch takes place 
at full voltage, but subsequent closures can occur at a much 
lower value [3].  Methods of voltage recovery are employed to 
obviate this problem, and a wide range of designs and techniques 
has been explored to meet the needs of the two modes of 
operation under which spark-gap switches are utilised; namely 
pulsed-charged, and dc charged conditions.   
In pulsed-charged mode, the switch is subject to a delay 
between pulses, and this dead time can be suitably long for the 
voltage recovery to be re-established [3].  In addition, methods 
have been developed that can reduce the period required for 
voltage recovery [1, 4]. 
Under dc charged conditions, on the other hand, the dc 
charging voltage is immediately reapplied, and a number of 
techniques have been developed to increase the voltage recovery 
rate for this mode of operation.  One technique is to utilise the 
effect of corona-stabilised breakdown.  This is a well-known 
discharge process that occurs in highly non-uniform, electric-
field geometries filled with electronegative gases such as SF6, 
Freons, O2, and air [3].  With these operating conditions and 
under slow rising and dc voltages, there is a range of pressure 
where breakdown is preceded by a corona discharge from the 
non-uniform, high-voltage (HV) electrode.  This discharge 
generates a space charge between the electrodes which has the 
effect of redistributing the electric field such that the non-uniform 
electrode is shielded from the rest of the gap.  This allows the gas 
to deionize and recover its neutral density following a previous 
switch closure [2].  The breakdown characteristics for these 
conditions result in a highly non-linear voltage-pressure (V-p) 
characteristic as shown in figure 1 [5].   Manuscript received on 8 October 2008, in final form 18 February 2009. 
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There is a range in pressure up to a critical pressure (Pc) where 
breakdown occurs in the presence of a corona discharge, and 
above which breakdown occurs without pre-breakdown corona-
discharge activity.  A corona-stabilised switch is operated in the 
range of conditions indicated by the area between the corona-
onset and breakdown curves.  A further benefit of the corona 
activity can be a reduction in jitter (the statistical time to 
breakdown) under triggered conditions [3].  
The present investigation concerns another key aspect of the 
corona-stabilised switch, which is the possibility of using 
cascaded spark gaps for operation at higher voltages.  Previous 
studies by the authors have investigated this aspect [6, 7].  A 
cascaded corona-stabilised switch has the advantage that there 
is inherent voltage grading between the electrodes due to the 
presence of the corona current.  The voltage distribution in the 
cascade switch is therefore determined and controlled by the 
geometry of the electrodes and the non uniform field 
distributions that they produce rather than by a capacitive 
process which can be affected by stray capacitances or 
leakage currents [7].  As the corona pre-breakdown current 
must be continuous through the high-voltage cascade switch, 
each gap will have a voltage across it determined by the 
corona pre-breakdown current observed in the I-V 
characteristic of the gas gap.  There is in effect a feedback 
process which stabilises each gap to a voltage which permits 
the average corona pre-breakdown current to be constant 
through the switch.  If each stage of the cascade is identical in 
design, and assuming that the influence of the corona is the 
same for each stage of the switch, the voltage across each gap 
will be the same. 
This paper describes initial tests on a multi-stage, corona-
stabilised switching geometry, and assesses its utility in terms 
of jitter and power consumption.  
2 EXPERIMENTAL SET UP 
2.1 ELECTRODE GEOMETRIES 
It should be noted that there are two basic design approaches 
to the use of corona stabilisation in multi-electrode switches.  The 
method employed in this study utilises corona active electrodes, 
whereby the electrode which provides biasing is also the working 
electrode from which the main discharge occurs on closure of the 
switch.  A second approach is to provide voltage biasing via a 
non uniformity (for example a needle) protected within the body 
of the working electrode, so that closure occurs across more 
robustly profiled sections [8].  The present investigation utilises 
the first of these two approaches, and the issue of lifetime of the 
switch is one of the key challenges of the present design 
specification. A further advantage of the present design is that the 
switch can be inverted for use with the opposite polarity. 
Two variations of a similar electrode geometry have been 
used in the experimental work reported in the paper. The 
geometry in each case is based on a flat base plate which has a 
hollow cylinder protruding from its lower surface. In the 
initial design the plane section of the switch was an aluminum 
disk with a diameter of 150 mm.  The brass cylinder 
protruding for a distance of 50 mm had an external diameter 
of 88 mm and a wall thickness of 3 mm. The cylinder had a 
beveled edge making an angle of 30º to the plane of the wall. 
This provides a high-field region to initiate corona discharge.  
This design was used to investigate the basic behaviour of the 
corona current for both positive and negative polarities and to 
identify appropriate electrode gap spacing for use in the 
switch. 
The second design was manufactured from a single piece of 
stainless steel 304.  The plane disk has been reduced to a 
diameter of 90 mm and the external diameter of the protruding 
cylinder has been reduced to 36 mm, with an overall electrode 
body height of 18 mm (See Figure 2). This modification was 
 
Figure 1. Schematic diagram of a typical V-p characteristic in an 
electronegative gas [5] 
 
 
Figure 2. Photo showing a 3-stage switch geometry (second 
design) with the corona discharge occurring during operation. 
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performed in consideration of a number of issues discussed in 
section 3.3, including the reduction the total corona current 
flowing in the switch during operation, to allow analysis using 
a 3.5 mA HV power supply, and also to limit power 
consumption of this design while providing an acceptable 
electrode lifetime.  The wall thickness of 3 mm was 
maintained, as was the beveled electrode edge angle of 30º to 
the plane of the wall.   
3 TESTS USING INITIAL ELECTRODE 
GEOMETRY 
All experiments were conducted using a Glassman 
WR100R2.5-22, 100 kV, 2.5 mA, HV dc power supply, 
which can provide positive and negative polarity.  The output 
was connected to the HV terminal of the various test rigs 
through a ~1 MΩ decoupling resistor, and a current viewing 
resistor was installed in the earth return path.  The voltage 
from the current shunt was monitored on a Tektronix 
digitising oscilloscope (TDS2024).  All waveforms were 
recorded and the average current values derived.  A voltage 
probe was not used in the setup to monitor the voltage of the 
cascade switch, since this would have caused voltage 
redistribution due to the impedance of the probe.  Instead, the 
Vernier scale of the HV dc power supply was calibrated using 
a Tetronix HV probe P6015A and the same Tektronix 
oscilloscope. 
 
3.1 IDENTIFICATION OF SUITABLE GAP SIZE 
The I-V characteristics in atmospheric air (at atmospheric 
pressure) for negative polarity were recorded for 6,8,10 and 
12 mm gaps, as shown in Figure 3.  The highest corona 
current for the 6 mm gap is prior to the point of breakdown of 
the gap.  The highest value of corona current for the other 
gaps occurs at the point where the current limit of the power 
supply is reached (nominally 2.5 mA). Figure 3 shows the 
increasing range of corona stabilisation as the gap is 
increased.  The 12 mm gap provides a range of corona 
stabilisation from 13 kV up to at least 20.5 kV.  The 
breakdown value was later verified to be approximately 
22.7 kV, giving a range of 41% of the breakdown value.  
These voltage levels are considered to be in the target range 
for a single stage (20 kV).   
 
3.2 HV CAPABILITY USING MULTIPLE STAGES 
 
The I-V behaviour of the switch design was characterised 
for 1, 2 and 3 stages for negative polarity.  Figure 4 shows that 
the switch voltage capability can be doubled with 2, and 
trebled with 3 stages.  The corona onset and breakdown values 
for the multistage switch are those for a single gap multiplied 
by the number of stages. 
The system was also characterised using a positive polarity 
to confirm that the multistage switch design could also be 
used to switch positive-polarity dc-charged systems.  The I-V 
characteristics were obtained with positive HV applied to the 
plane electrode (inverted arrangement).  It was found that the 
behaviour under these conditions was similar to that observed 
using negative polarity.  Figure 5 compares the positive and 
negative single-stage results, and also shows the 3-stage 
results for positive polarity.  It can be seen that corona 
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Figure 3.  I-V characteristics of a single stage of the basic design, for 
four gap dimensions, and conducted in atmospheric air with negative 
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Figure 4.  I-V characteristics for 1, 2 and 3 stages, using electrode  
conducted in atmospheric air with negative polarity.  The voltage values 
divided by the number of stages are also plotted. Gap dimension 12 mm 
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Figure 5.  Comparison of I-V characteristics for positive (inverted 
arrangement) and negative polarity, and characteristics for positive 
polarity with 3 stages conducted in atmospheric air. The voltage values 
divided by the number of stages are also plotted. Gap dimension 12 mm 
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stabilisation is occurring under positive polarity and that the 
corona onset and breakdown voltages have been trebled for 
the 3-stage configuration as compared with a single stage. 
 
3.3 MODIFICATIONS TO IMPROVE SWITCH 
CHARACTERISTICS 
The initial switch topology showed suitable corona 
stabilisation properties to allow a reliable switch to be 
designed with a switchable voltage of 20 kV per stage in 
atmospheric air.  However the value of the corona current at 
this voltage for the design was relatively large leading to a 
power loss of approximately 48 W per stage before switching 
occurs. This level of power dissipation limits the potential 
utility of the switch design.  
Experiments were performed using a single stage to see if 
the corona current could be limited by inclining the high 
voltage electrode with respect to the ground electrode while 
maintaining a constant minimum electrode separation. As the 
angle is increased the electric field will be reduced below that 
required for corona onset over a larger area of the electrode 
causing a reduction in the corona current.  Angles in the range 
of 1º to 25º were tested, and the I-V characteristic was 
determined in atmospheric air. The minimum gap spacing was 
maintained at a value of 12 mm.  The results of these 
experiments are shown in Figure 6. The maximum current 
recorded for angles 0° and 1° is limited by the power supply; 
for the other angles, the maximum current corresponds to gap 
breakdown. 
The corona onset and breakdown voltages, as expected, 
appear to be largely independent of the angle between the 
electrodes, with an average corona onset value of 13.27 kV 
(standard deviation of 0.27 kV) and average breakdown 
values of 22.67 kV (standard deviation of 0.18 kV).  The 
magnitude of the corona current is reduced as the angle 
between the electrodes is increased. This has the desired effect 
of reducing the power dissipated in the switch while holding 
off the applied voltage.  The power dissipation at an angle of 5 
degrees was calculated as 20 W for an applied voltage of 
20 kV and if the angle is increased to 15 degrees, the power 
loss at 20 kV is around 11 W.  However, whilst the concept 
was sound, it was felt that this approach was not well suited to 
a practical switch design. Therefore, it was decided to modify 
the electrode topology, reducing the active area associated 
with corona generation, to reduce the corona current.  
4 TESTS USING SECOND ELECTRODE 
GEOMETRY 
As described in section 2.1, the second electrode geometry, 
manufactured in stainless steel, was designed to reduce the 
active area of the electrode to reduce the corona current. The 
diameter for the protruding cylinder, 38 mm, was chosen   
after analysis of the corona current measured for varying 
degrees of exposure of the large initial design electrode in 
order to identify the minimum electrode surface area which 
would produce a suitable V-I characteristic. 
4.1 CHARACTERISATION OF I-V BEHAVIOUR 
The I-V characteristics for a single switch stage were 
measured using dry air over a pressure range of 0 to 
3 bar gauge, using the same electrode separation as in the 
previous geometry of 12 mm.  The results are shown in 
Figure 7.  It can be seen that the corona current for this 
electrode system at 20 kV, at atmospheric pressure, is of a 
similar magnitude to that observed in the previous electrode 
configuration when the angle between the electrodes was 25º. 
As the gas pressure is increased the corona current, as 
expected, decreases.   
Tests were also performed to determine the self-breakdown 
voltage (SBV) of the switch over a range of pressures. This 
data combined with a plot of the corona onset (CO) voltage is 
shown in figure 8. The area lying between the two curves 
indicates the voltage-pressure regime for operation of a stage 
of the switch.  
4.2 EXPECTED TRIGGERABLE RANGE OF SWITCH 
The switch was to be operated with a negative charging 
voltage and triggered by applying a positive polarity pulse to 
the HV electrode in the cascade closest to the earth electrode, 
subsequently referred to as electrode 1.  The expected switch 
operation is as follows:  Application of the trigger pulse to 
electrode will change the voltage at this plate from 
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Figure 6.  I-V characteristics for different electrode angles, in 
atmospheric air with negative polarity. Minimum gap spacing maintained 
at 12mm. 
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Figure 7.  I-V characteristics for second electrode geometry tested at 
different pressures of dry air with negative polarity. 
Authorized licensed use limited to: STRATHCLYDE UNIVERSITY LIBRARY. Downloaded on May 19,2010 at 10:34:47 UTC from IEEE Xplore.  Restrictions apply. 
J. R. Beveridge et al.: A Corona-stabilised Plasma Closing Switch 952 
approximately one third of the voltage of the switch to a high 
positive potential.  At this point the potential difference 
between the trigger electrode and the ground electrode (gap 
A) will be small compared to the potential difference across 
the upper gaps (gaps B, and C at top), and this leads to 
breakdown of this section of the cascade.  This will cause an 
increase in the voltage between electrode 1 and the ground 
electrode causing the breakdown of this gap and complete 
switch closure.  A likely order of breakdown for high values 
of charging voltage is gaps B, C then A.  It is possible that this 
order changes when using lower charging voltages and where 
the influence of the voltage grading is diminished. 
It is possible to predict the operating range of the switch 
cascade for n gaps in terms of the behaviour of a single gap in 
the cascade.  The Self Breakdown Voltage for the cascade will 
be given by 
GapCascade SBVnSBV ×=   
An effective value for the lower limit for triggering of the 
switch can be determined by considering two possible criteria.  
Once breakdown has occurred across the triggered gap of the 
switch, the total voltage being switched will redistribute itself 
across the remaining open circuit gaps in the cascade. If the 
resulting voltage across each individual gap is below the self 
breakdown voltage for the gap no further breakdown events will 
occur and the switch will remain open   This allows the minimum 
triggering voltage   for the switch to be defined in terms of the 
number of gaps n in the cascade and the self breakdown voltage 
of an individual gap. 
gapMinA SBV)1n(V ×−=  
The second criterion that must be applied is that as the switch is 
operating in a corona stabilised mode the voltage across the 
switch must be sufficient to cause corona onset: 
COMinB nVV =  
where VCO is the corona onset voltage for a single gap.  
The effective lower voltage limit for switching will be given by 
the larger of the criteria VMinA  and VMinB. 
The expected behavior for switch cascade, based on the data 
obtained for a single stage, is shown for different pressures in 
Table 1 below and plotted in Figure 9.  For the tests on switch 
behaviour it was intended to operate at a maximum voltage of 
100 kV.  This suggested that either a three or a four stage cascade 
should be used and as the 3 cascade arrangement was able to 
operate at lower voltages it was selected as the basis for further 
switching experiments. 
4.3 TESTS OF SWITCH OPERATION 
The switching behavior of the 3-stage cascade was tested in 
dry air using a capacitive energy source of 0.4 nF, which was 
charged through a 1 MΩ resistor chain using a Glassman 
WR100R2.5-22, 100 kV, 2.5 mA, HV dc power supply.  
 A load of ∼60 Ω in series with a Samtech DE(CP-01) 
current probe was connected between the bottom electrode of 
the switch cascade and earth.  During the tests reported in this 
paper the voltage that the switch was operating with was 
negative in polarity.  
The switch was triggered by applying a positive-polarity 
pulse to the electrode closest to the ground electrode.  In 
initial tests this pulse was supplied from a Samtech TG-01 
trigger generator which provides a 28 kV, 250 µs, half-sine 
pulse.  
Initial tests with this pulse generator revealed considerable 
variability in the operation of the switch with switch 
breakdown occurring at different points on the pulse 
waveform. It was therefore decided to use an alternative 
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Figure 8.  p-V characteristics for a single stage using the second 
electrode design, tested with dry air, negative polarity. 
Table 1.  Expected values of maximum hold off voltage and trigger range 
for various switch configurations. 
 
Pressure 
(barg) 
 
SBVCascade 
(kV) 
VMinA 
(kV) 
VminB 
(kV) 
Trigger 
Range 
(kV) 
0 53.6 26.8 30.4 23.2 
1 92.0 46.0 47.2 44.8 
2 111.6 55.8 59.4 52.2 
2 Stage 
Cascade 
3 126.8 63.4 68.2 58.6 
0 80.4 53.6 45.6 26.8 
1 138.0 92 70.8 46 
2 167.4 111.6 89.1 55.8 
3 Stage 
Cascade 
3 190.2 126.8 102.3 63.4 
0 107.2 80.4 60.8 26.8 
1 184.0 138.0 94.4 46 
2 223.3 167.4 118.8 55.8 
4 Stage 
Cascade 
3 253.6 190.2 136.4 63.4 
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Figure 9.  Predicted operating regions of switch for both polarities in dry 
air, and different numbers of stages in cascade. 
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triggering system and a simple pulser, based on a 225 pF 
capacitor and pneumatically triggered switch was used.  A 
schematic of the experimental set up is shown in Figure 10.  
The same trigger circuit charging voltage of 80 kV was used 
for all tests.  During operation, the switch side of the trigger 
caps will rise to the voltage of electrode 1 of the switch.  For a 
100 kV charging of the switch this would result in a charge 
voltage across the trigger caps of ~47 kV, and therefore a 
47 kV positive pulse on closure of the pneumatic HV switch.  
The pulse rise time was 30 ns (from 0 to 100%). 
This configuration allowed the switch to be triggered in a 
more controlled fashion but interactions between the main 
storage and triggering capacitance had an effect on the voltage 
and current waveforms appearing after switch operation. 
The behaviour of the system was monitored at various 
positions.  A Rogowski coil was included in the trigger pulse 
generator and was used to determine the start of the trigger 
pulse.  The current flowing through the main switch was 
measured using the Samtech current probe. The voltage 
appearing across the 60 Ω load resistor was measured using a 
resistive divider and a conical D dot probe was used in an 
attempt to monitor the collapse of the voltage across the main 
switch. The data obtained from these various monitoring 
devices were recorded using a Tektronix digitising 
oscilloscope (TDS2024).  
The experimental system was tested to examine the data 
produced from the various sensors when the switch was 
operated.  In the first test, the voltage from the trigger was 
monitored by an HV voltage probe placed at the output of the 
trigger while the voltage across the switch was zero. This 
allowed the response of the instrumentation to the trigger 
pulse alone, without full switch operation, to be monitored.  
Figure 11 shows the voltage waveform obtained, together with 
those of the other diagnostic sensors when the trigger 
generator was fired. 
The data in Figure 11 shows that there is good correlation 
between the leading edge of the voltage trigger pulse (Trace 4) 
and the first signal recorded on the output of the Rogowski 
coil output (Trace 2). This allows the Rogowski coil output to 
be used as a marker for the arrival of the trigger pulse on the 
triggering electrode of the CS switch. 
In order to observe the waveform provided by the trigger 
generator during full switch operation, a voltage probe was 
temporarily placed between the first and second of the 12, 
2.7 nF capacitors closest to the corona stabilised switch.  The 
capacitors were charged to low voltage levels to avoid damage 
to the voltage probe.  Figure 12 shows the behaviour of the 
system. We can see that some ringing is observed in both the 
voltage and current signals associated with the load resistance. 
Two possible markers exist on these waveforms to indicate 
switch closure: The first is on the trigger voltage signal (Trace 
4) where the breakdown of one of the gaps in the switch is 
observed; the second is on the current signal associated with 
the load, when current can be observed to start to flow in the 
circuit (Trace 3). The change in the trigger voltage signal was 
considered to be unsuitable as a marker for switch triggering 
because in this multi-stage switch the order of gap breakdown 
has not yet been confirmed. 
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DC HV Supply
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DC
R charge 1 M ohm
P HV probe
2 x 0.8 nF
12 x 2.7 nF
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Switch
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Figure 10.  Schematic diagram of experimental test system used to 
characterise switch performance. 
 
 
Figure 12. Waveforms observed during triggering with voltage 
applied to the CS switch (Trace 1: voltage probe across the 60 Ω load; 
trace 2: Rogowski coil output; trace 3: current probe output; trace 4: 
From voltage probe placed between capacitors of trigger generator and 
ground). 
Voltage across load 
Current in load 
Voltage on trigger 
Rogowski probe 
1μs 
 
 
Figure 11. Trigger pulse waveforms with no charge voltage applied to 
the 2 x 0.8 nF caps and the CS switch. (Trace 1: voltage probe across 
the 60 Ω load; trace 2: Rogowski coil output; trace 3: current probe 
output; trace 4: The voltage between the trigger output and ground).  
1μs 
Rogowski Coil 
Trigger Voltage
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The D dot probe signal was included in the diagnostic 
measurements in order to observe a signal associated with the 
voltage collapse across the switch.  The output of the D dot 
probe can be seen in figure 13 with the other signals recorded 
during switch operation.  The start of the trigger pulse can be 
identified by disturbance in the signal associated with the 
Rogowski coil (Trace 2).  It can be seen that at the same time a 
change in the output of the D dot probe (Trace 4) is observed.  
At the point where current is starting to flow in the circuit 
(Trace 1), no significant changes were observed in the 
behaviour of the D dot probe signal (Trace 4) or in the integral 
of its signal that could be related to the collapse of the voltage 
across the gap.  The presence of many corona discharge sources 
may have introduced a level of noise which limited the useful 
information that could be derived from the D dot probe signal. 
It was therefore decided that the delay time for switch closure 
would be measured as the interval between the initial 
disturbance registered on the Rogowski coil signal and the point 
at which the current was observed to be starting to flow through 
the switch. This point is indicated in figure 13 as the start of rise 
of the main current pulse waveform: this point is determined by 
extrapolating the rise of the current waveform back to the zero 
current level. The vertical cursors on figure 13 pass through the 
start point on trace 2 and the end point on trace 3. This 
measured time interval will include systematic errors. However, 
the parameter of greatest importance is the jitter in switch 
operation occurring due to stochastic processes. This would be 
unaffected by any systematic errors associated with the 
measurement system.  The current trace rise time in these tests 
was around 20 ns (from 0 to 100%). The observed delay 
between the current waveform and the load voltage waveform is 
an artifact of the experimental and diagnostic equipment, 
resulting from propagation effects in the circuit elements. 
4.4 RESULTS FOR SWITCH OPERATION 
The time interval between the start of the trigger pulse and 
the start of current flow in the load are shown in Figure 14 for a 
3-stage switch as a function of voltage and pressure for dry air.  
The error bars on this plot are the standard deviation of the 
measured time, indicating the observed jitter in switch 
operation. This data is also shown in Table 2 as the jitter for 
higher charging voltages cannot be resolved in Figure 14. The 
trigger pulse used in these measurements had a positive polarity 
of between 47 kV (at a charge voltage of 100 kV) and 70 kV (at 
a charge voltage of 30 kV), and at least 20 measurements were 
performed for each experimental condition. 
It can be seen that for each pressure range, at high voltages the 
switch operates with a jitter of less than 2 ns. The jitter at 
0 bar gauge for the voltages between 40 and 80 kV applied to the 
switch cascade is of the order of one nanosecond.  At 1 bar gauge 
the jitter for voltages between 60 and 100 kV is of the order of 
1.5 ns.  In each case as the voltage applied across the switch is 
increased, the time for the switch to break down is reduced. At the 
low voltages, 30 kV for 0 bar gauge and 50 kV for 1 bar gauge, the 
jitter is large: of the order of 10s of ns.  The initial data points for 
both pressures fall well below the triggerable range predicted for 
the cascade in table 1.  Therefore it is unsurprising that long run 
times and high jitter occurs in these circumstances.  The low jitter 
observed in the measurements at 40 kV (0 bar gauge) and 60 kV 
(1 bar gauge) are more interesting.  These voltages are again below 
the expected triggerable range predicted in table 1 and, as shown in 
table 1, no corona current was expected under these conditions.  It 
should be noted that the predicted corona current is based on the 
single-stage data of figure 7, which has been shown in figure 4 to 
 
Table 2.  Switch performance summary at different pressures and 
voltages. 
 
Pressure
(barg) 
V charge
(kV) 
Av.delay 
time (ns) 
Jitter 
(ns) 
Predicted 
Corona 
Current 
(mA) 
30.3 223.2 65 Below CO 
40.3 94.2 1.1 Below CO 
60.1 63.7 0.7 0.371 
0 
80 57.1 1.3 1.143 
50.2 215.4 29.1 Below CO 
60.1 118.1 1.6 Below CO 
80 84.4 1.1 0.175 
1 
99.9 69.1 1.8 0.550 
 
0
50
100
150
200
250
300
350
0 20 40 60 80 100 120
Charging Voltage (kV)
T
im
e 
(n
s)
1 bar (gauge)
0 bar (gauge)
 
Figure 14. Delay time for switch closure as a function of voltage and pressure 
for a 3 gap cascade.  Error bars show measured jitter. 
 
 
Figure 13. Waveforms obtained during switch operation. (Trace 1: 
voltage probe across the 60 Ω load; trace 2: Rogowski coil output; trace 
3: current probe output; trace 4: D dot probe signal).  The vertical cursors 
indicate the time for switch closure as described in the text. 
Voltage across load 
Current in load 
D dot probe signal 
Rogowski probe 
Delay time 
50 ns 
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be reasonable. This behaviour may be explained by the magnitude 
of the trigger pulse applied to the system, coupled with the field 
enhancement at the electrode cylinder edge.  As the upper gaps in 
the system become overvolted with the arrival of the trigger pulse, 
electrons will be emitted in the high field region of the electrodes, 
providing rapid initiation of the breakdown process with the time to 
breakdown therefore being dominated by the formative time lag 
and little jitter occurring in the switch closing behaviour.  The 
power consumption of the switch varies with voltage and pressure 
with 22 W being consumed at 60 kV, 0 bar gauge and 14 W at 
80 kV, 1 bar gauge. The power dissipated rises to a level of 55 W 
when the voltage is increased to 100 kV at 1 bar gauge. 
5 CONCLUSIONS 
A prototype, multi-stage switch, designed to operate at voltages 
of up to 100 kV, has been developed.  At pressures between 0 
and 1 bar gauge using dry air, the switch has be shown to operate 
over the voltage range of 40 to 100 kV with a jitter below 2 ns.  
Analysis of the switch behaviour indicates that this range should 
extend to 138 kV at 1 bar gauge.  This makes the switch suitable 
for applications where multiple, closely synchronized switching 
operations are required.  The power consumption observed in 
switching operations at 100 kV is higher than would be preferred 
at the tested pressures.  This problem could be addressed by 
increasing the operating pressure.  Figure 7 indicates that at a 
pressure around 2 bar gauge the corona current would be reduced 
below 0.1 mA for a 3-stage switch operating at 100 kV.  This 
would reduce the total power dissipation to less than 10 W when 
switching 100 kV.  Figure 5 indicates that similar switch 
characteristics can be expected from a positive-polarity switch in 
an inverted arrangement.  Further characterisation of the switch is 
being undertaken to confirm its behaviour at higher pressures and 
to optimize the triggering parameters.  
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